Toroidal multipoles are fundamental electromagnetic excitations different from those associated with the familiar charge and magnetic multipoles. They have been held responsible for parity violation in nuclear and particle physics, but direct evidence of their existence in classical electrodynamics has remained elusive. We report on the observation of a resonant electromagnetic response in an artificially engineered medium, or metamaterial, that cannot be attributed to magnetic or charge multipoles and can only be explained by the existence of a toroidal dipole. Our direct experimental evidence of the toroidal response brings attention to the often ignored electromagnetic interactions involving toroidal multipoles, which could be present in naturally occurring systems, especially at the macromolecule level, where toroidal symmetry is ubiquitous.
A n electric (or charge) dipole results from a separation of positive and negative charges, whereas a magnetic dipole is produced by the closed circulation of an electric current ( Fig. 1, A and B). Mathematically they appear in the series expansion (known as the multipole expansion) of an electromagnetic potential generated by a distribution of charges and currents (1, 2) . The toroidal dipole, an elusive counterpart of the charge and magnetic dipoles, is produced by currents flowing on the surface of a torus along its meridians (Fig. 1C) . Toroidal dipoles were first considered by Zel'dovich in 1957 [who called them anapoles (3)] and have already been acknowledged in nuclear and particle physics [see (4, 5) and references within]. First-principles calculations have revealed the existence of toroidal dipoles for certain molecular structures (6) and ferroelectric systems (7) .
Toroidal dipoles and higher toroidal multipoles are the subject of growing interest because of their unusual electromagnetic properties. In particular, it has been shown that the strength of their interaction with electric and magnetic fields depends not on the strength of the fields, but rather on their time derivatives (8) . It has also been suggested that nonstationary charge-current configurations involving toroidal multipoles could produce oscillating and propagating vector potential in the absence of electromagnetic fields (9, 10) . Media containing molecules with elements of toroidal symmetry could rotate the polarization of light (11) or could exhibit a negative index of refraction (12) . Afanasiev (13) claimed that interactions between electrical currents producing toroidal multipoles would violate Newton's Third Law, which requires that the mutual forces between two interacting bodies are equal, opposite, and colinear.
Furthermore, a material with domains of toroidal polarization is expected to have different optical properties along opposite directions (14) .
Toroidal multipoles are not a part of the standard multipole expansion (15) . The electromagnetic fields generated by an arbitrary system of nonstationary charges and currents are usually presented as a sum of contributions from two families of conventional elementary radiation sources: the magnetic and electric dynamic multipoles (1, 2) . In a spherical coordinate system, magnetic multipoles are defined by transversal components of oscillating current density (currents flowing on the surface of a sphere), whereas electric multipoles are attributed to oscillating charge density (charge multipoles). Radiating fields, however, also contain contributions from oscillating radial components of the current density. These radial components of the current density lead to the existence of the independent family of dynamic toroidal multipoles that are different from the magnetic and charge multipoles (16) (17) (18) .
The most primitive member of the toroidal multipole family is the toroidal dipole T (15). It is created by poloidal currents (currents flowing on the surface of a torus along its meridians), but can be equivalently represented by a set of magnetic dipoles m arranged head-to-tail along a loop ( Fig.  1C ) (15) . The toroidal dipole points outward along the symmetry axis of the torus. Toroidal coils and molecular structures alike could also display toroidal dipole moments (6, 17) . The electromagnetic manifestations of the toroidal dipole, however, are usually masked by much stronger effects due to charge and magnetic multipoles, making observations of the toroidal response extremely challenging (14, 19, 20) .
We demonstrate a classical system in which the electromagnetic response is directly related to the resonant excitation of the toroidal dipole. The resonant toroidal response has been observed in a "metamaterial slab," a two-dimensional array of artificially engineered electromagnetic scatterers of toroidal symmetry. Metamaterials enable us to access novel and exotic electromagnetic phenomena not found in nature (such as negative refraction and cloaking) by controlling the symmetry and character of the response through artificial structuring on a subwavelength scale. To emphasize the toroidal dipolar response, we have designed a metamolecule, the elementary building block of our metamaterial, where both the electric and magnetic dipole moments induced by an incident electromagnetic wave (as well as higher multipoles) are substantially suppressed while the toroidal response is spectrally isolated and resonantly enhanced to a detectable level.
We depart from the obvious toroidal solenoidlike wire configuration, as it would also support a strong magnetic dipole moment because of the helical nature of its windings (13) . Our toroidal metamolecule is composed of four rectangular, electrically disconnected metallic wire loops (a × h) embedded into a low-loss dielectric slab of overall size d × d × h. The loops are located in two mutually orthogonal planes and separated by a distance r (Fig. 2A) . The intersection of the planes gives the axis of the toroidal structure (parallel to the z axis). All wire loops have identical splits g, which are located either on the top or bottom sides of the slab such that the entire metamolecule has an inversion center C located on the axis of the structure ( Fig. 2A) . The metamolecule is placed in a rectangular unit cell d × d × s, which is periodically translated along y and z axes to form a metamaterial slab.
The structure of our metamolecule ensures some distinct electromagnetic properties. Apart from supporting a magnetic dipole mode, now routinely observed in other metamaterials (21) , it supports a dominant mode of a toroidal dipole nature. Excitations of both modes are manifested as resonant features I and II in the metamaterial's transmission and reflection spectra, which were simulated and measured for an electromagnetic wave polarized along the z axis (Fig. 3, A and B) . The resonances result from the circular currents induced by the incident wave in all four loops of on December 10, 2010 www.sciencemag.org the metamolecule. For z-polarization, these currents cannot be excited by the electric component of the wave, as it is orthogonal to the split of the loops. Correspondingly, the z-component of the electric dipole moment of the system P z is suppressed for both resonances. The metamolecule interacts with the magnetic part of the wave, which drives circular currents in accordance with Faraday's law of induction. When passing through the metamaterial slab, the wave reaches the front and rear pairs of the loops of the metamolecule with a phase delay. Thus, the magnetic field at the loops can be decomposed into parallel (in-phase) and antiparallel (antiphase) components. At resonance I the metamolecule interacts with the in-phase components of the magnetic field. The induced magnetic dipoles of all four loops m point in the same direction, producing a nonzero component of the metamolecule's net magnetic dipole moment M y parallel to the driving magnetic field (Fig. 2B) , which reveals the magnetic origin of the resonance. By contrast, at resonance II the metamolecule couples to the antiphase components of the magnetic field and the individual magnetic moments induced in the front and rear pairs of the loops are directed oppositely, forming a head-to-tail configuration (Fig. 2C) . Such a head-to-tail configuration of the individual magnetic moments m has a nonzero component of the induced toroidal dipole moment T z oriented along the axis of the metamolecule (z axis), whereas its net magnetic dipole and quadrupole moments are negligible.
The qualitative arguments produced above are fully supported by our calculations performed using a full three-dimensional Maxwell equations solver based on the finite element method. We modeled the interaction of the metamaterial array with a linearly polarized wave in the spectral range from 14.5 to 17.0 GHz. Calculated densities of the induced electrical currents were used to compute scattered powers of the resulting conventional magnetic and charge multipoles, as well as the toroidal dipole of the metamolecule (Fig. 3C) (22) .
The strongest contribution to the metamaterial response at resonance I is provided by the y-component of the magnetic dipole moment M y . Here it radiates more strongly than the electric quadrupole moment by a factor of~5, and more strongly than the dominant radiating component of the electric dipole P z and the magnetic quadrupole by several orders of magnitude. Its resonant excitation manifests itself as a peak in reflection and deep in transmission at~16.1 GHz, with a quality factor Q of~80 (Fig. 3, A and B) . The nature of the resonance is illustrated in Fig.  3D , where we plot the distribution of the magnetic field lines in the vicinity of the metamolecule. It shows that the field lines are split in two bundles as they thread the wire loops of the metamolecule, and rejoin immediately outside the structure running along the magnetic field of the incident wave. Such a field line configuration indicates strong coupling of the magnetic dipole mode to the free space, thus explaining the moderate value of the Q factor.
Resonance II is located at~15.4 GHz and is also seen as a peak in reflection and dip in transmission, but with the Q factor reaching 240 (Fig. 3, A and B) . Magnetic dipole and electric quadrupole excitations of the metamolecule are not resonant at this frequency. Moreover, here the scattering efficiency of electric and magnetic multipoles, which is directly related to the metamaterial's reflectivity, is low. Therefore, the conventional multipole excitations cannot be responsible for the resonance feature at 15.4 GHz. This indicates that the resonance may be due to a toroidal dipole, which scatters more strongly than any of the conventional multipoles by almost two orders of magnitude (Fig. 3C) . The toroidal nature of this excitation is illustrated in Fig. 3E , where the calculated lines of the local magnetic field are seen to form closed loops that are largely confined within the metamolecule (as in a true toroidal coil), giving rise to the z-component of the toroidal dipole moment T z . The higher Q factor of this mode (in comparison with the magnetic di- pole mode I ) is the direct consequence of its strong confinement and weak free-space coupling. Note that at the toroidal resonance, the electrical dipole excitation has a strong net x-component P x , which results from the presence of the splits in the loops of the metamolecule. However, as P x oscillates along the wave propagation direction, it does not contribute to the metamaterial's reflection and transmission.
We observed the toroidal dipole resonance experimentally in a metamaterial slab formed by a 22 × 22 array of toroidal metamolecules (Fig.  2D) . The rows of the array were manufactured from metalized microwave laminate strips by high-resolution printed board technology; these rows were than stacked at a regular interval with the axes of the metamolecules aligned in the plane of the array (Fig. 2E) . The transmission and reflection spectra of the slab were measured in an anechoic chamber by means of a vector network analyzer and linearly polarized horn antennas (22) . The experimental data (Fig. 3, A and B) show good agreement with the simulated spectra. The somewhat lower Q factors of the measured resonances are attributed to the manufacturing tolerance and limited size of the metamaterial array, as well as to some divergence of the wave front of the incident microwave beam. The slight mismatch between the calculated and measured values of the resonance frequencies (0.7% and 2% for the corresponding toroidal and magnetic resonances, respectively) is due to the limitations of the fabrication process (22) , which did not allow perfect replication of the design features, such as the profile of the wires forming the loops; this could affect the wires' inductance and intramolecular interactions.
Toroidal multipoles are routinely neglected in the constitutive relations, boundary conditions, electromagnetic forces, and calculation of momentum loss and radiation intensity of chargecurrent configurations (5, (23) (24) (25) . Our results provide compelling evidence of a resonant response that can only be attributed to a toroidal dipole excitation of the metamaterial structure in the microwave part of the spectrum. Downsizing the structure should allow observation of a plasmonic toroidal mode at optical frequencies in a single submicrometer metallic toroid, as well as in arrays of such toroids. Molecular systems such as fullerene rings are also predicted to support toroidal moments (6) , thus urging the development of a quantum mechanical description of the light-matter interaction with toroidal molecular structures. Moreover, our results call for the development of a deeper understanding of the quantum mechanism of intramolecular interactions involving toroidal molecular structures, which are widespread in nature.
